The efficiency o f chiral Lewis acids derived from TiCl4 or A1(Bu/)2C1 with chiral chelating ligands as catalysts for som e enantioselective reactions was evaluated. The Diels-Alder reac tion between isoprene and methyl acrylate gave the cyclohexene derivative with up to 32% enantiomeric excess (e.e.). The reaction o f 3-methylbutanal with allyltrimethylsilane led to 6-m ethylhept-l-en-4-ol with up to 36% e.e.
Introduction
The application of catalysts for enantioselective reactions is a big step forward in improving the ef ficiency of organic synthesis, in particular in the field of naturally occurring com pounds [1] . The choice of chiral Lewis acids for such applications is obvious, as a huge number of reactions is known which are efficiently catalyzed by (achiral) Lewis acids [2] . Most studies which appeared up to now have used the chiral Lewis acid in stoichiometric am ount, i.e. not as a real catalyst, with only a few exceptions, such as the hetero-Diels-Alder reaction [3] , or used double stereocontrol (chiral diene and chiral catalyst) [4] . We have recently reported on the synthesis of efficient chiral Lewis acids for the Diels-Alder reaction of cyclopentadiene and m eth yl acrylate and studied their behaviour with re spect to the conditions of preparation and ageing processes [5] . In this article, we present further ex amples for applications of this chiral Lewis acids; first, as true catalysts, in the Diels-Alder reaction of isoprene and methyl acrylate, and second, in stoichiometric am ount, in the addition of allyltri methylsilane to 3-methylbutanal.
Results and Discussion

Diels-Alder reaction
The Diels-Alder reaction is one of the most im portant methods for the construction o f carbocyclic frameworks [6] , The possibility to catalyze it * Reprint requests to Dr. R. Herrmann.
Verlag der Zeitschrift für N aturforschung. D-7400 Tübingen 0932 -0776/90/1200 -1684/$ 01.00/0 with Lewis acids [7] widened up its scope consider ably, and the introduction of chirality in diene or dienophile allowed the synthesis of chiral cycloaddition products [8] . The most interesting modifi cation introduces chirality in the product with chiral catalysts, using achiral starting materials [9] , The enantiomeric excesses achieved up to now were high only with dienophiles especially devel oped for this purpose which have further coordi nation sites for the central metal of the Lewis acid. They are therefore not of general applicability.
We have tested a variety of chiral ligands with aluminium, tin, and titanium for their efficiency as chiral catalysts in the Diels-Alder reaction of cy clopentadiene and methyl acrylate [5] . The most promising metal/ligand combinations detected in this investigation, together with the best methods for the preparation of the catalysts, were applied to the Diels-Alder reaction o f isoprene and methyl acrylate. This reaction has not been studied with respect to enantioselective catalysis up to now. The ligands are displayed in Scheme 1. The regioselectivity o f the catalyzed reaction to produce the "para" isomer (methyl 4-methyl-cyclohex-3-ene-1-carboxylate) is quite high; the content of the "m eta" isomer is less than 2% (detection limit of the N M R technique). The uncatalyzed reaction leads to a "p ara"/ "m eta" ratio of about 70:30 [10] , and achiral catalysis by aluminium chloride to a ratio of about 95:5 [11] . For the determination of the enantiomeric excesses, we reacted the ester with methyl magnesium iodide to give a-terpineol, a naturally occurring terpene, where the correla tion between the optical rotation and the enan tiomeric excess is known (for enantiomerically pure (R)-a-terpineol, [«]□ = +100.5° (c = 5, ethanol) was determined [12] ). The results are presented in Table I .
Generally, such a high enantioselectivity as with cyclopentadiene (up to 83% e.e. have been found in the Diels-Alder reaction with methyl acrylate 
Configu ration [5] ) cannot be expected for isoprene, due to the sterically less demanding transition state geometry with acyclic dienes. The results (up to 32% e.e.) show that our catalysts still exhibit considerable efficiency. As for cyclopentadiene, temperatures in the range of room tem perature or slightly below give the best results, while the enantioselectivity decreases with increasing tem peratures (entries 2 vs. 3 and 8 vs. 10 in Table I ).
In the Diels-Alder reaction o f cyclopentadiene with methyl acrylate, we have divided the efficient chiral ligands in two com plementary groups [5] ; group A ligands lead to high enantioselectivity with aluminium, but not with titanium, and group B ligands show the reverse behaviour. The reason for this complementarity is not completely ob vious, but we think that the most probable expla nation is connected with the ring size of the che lates formed with the central metal. G roup A li gands (such as 4 and 5) give seven-membered rings upon reaction with the metal centre, while group B ligands (such as 1 -3 ) lead to five-membered rings. The larger ring size seems to have a favourable ef fect for aluminium, while the smaller size performs better with titanium; in the case of ligand 9, this is, however, reversed. The rigid binaphthol 8, an ap parent exception, led to reasonable results with both metals. The division into the two complemen tary groups remains valid also for isoprene, and also the direction of the enantioselectivity (R or S) is the same. Increasing the steric bulk of the alkyl groups in the tartrates (2 and 3) increases also the enantioselectivity of the catalyst (entries 2 and 4), as expected from the results with cyclopentadiene. There is, however, a rem arkable exception to the analogy of both Diels-Alder reactions: the poten tially tridentate ligand 6 gave only negligible enan tiomeric excess with both aluminium and titanium in the reaction of cyclopentadiene, but surprising 27% e.e. with aluminium and isoprene (entry 6). We attribute this result to the presence of three functional groups with coordinating ability which may lead to a catalytic centre with higher coordi nation num ber than in the case of the bidentate li gands. After coordination of the dienophile, the extreme steric crowding on such a centre hinders the approach o f the rigid cyclic diene (which means a low reactivity, i.e. a very low chemical yield), but not the approach of the more flexible acyclic isoprene.
Addition o f allyltrimethylsilane to 3-methylbutanal
The development of the Sharpless epoxidation of allylic alcohols [13] led to great advances in the synthesis of enantiomerically pure natural prod ucts [14] , But the application o f the same catalytic system to homoallylic alcohols gave only m oder ate enantiomeric excess o f the corresponding epoxides [15] . There is, however, good hope that enantiomerically pure (or at least enriched) hom o allylic alcohols could lead to a very high diastereoselectivity upon oxidation with the Sharpless sys tem. An easy access to such homoallylic alcohols is thus of considerable interest.
We have therefore studied an example for the addition of allylic silanes to carbonyl com pounds catalyzed by Lewis acids, leading to homoallylic alcohols. Racemic or diastereoselective approach es have been developed by others [16] ; it was found that titanium, tin, and boron complexes are good catalysts for this reaction type, but not other typi cal Lewis acids such as aluminium chloride or zinc chloride. This indicates that it is not only the Lewis acid activity which is responsible for the catalytic effect, but the ability to form interm ediate allylmetal complexes. The reaction needs a stoichio metric am ount of "catalyst", presumably because of the similar stabilities o f the complexes formed between the catalyst and the educt or product. Quite efficient asymmetric variants o f this allylation reaction have been developed using either chiral silanes [17] or special reagents with both chiral ligand and allyl group at the same metal, in particular tin and boron [18] . The main drawback of these reagents is that they have to be prepared by several steps, and their application may some times be difficult [19] . In contrast, the efficient chiral Lewis acids found during the research on asymmetric Diels-Alder reactions, are much easier to apply. In addition, most o f the research was per formed of carbonyl com pounds containing further hydroxy of alkoxy groups, in order to exploit the enhancement of stereoselectivity by chelation con trol [16, 17, 18, 20] , We chose the addition o f allyl trimethylsilane to 3-methylbutanal to give to 6-methylhept-l-en-4-ol, as prototype o f such homoallylic alcohols, to test the efficiency of our catalytic systems.
To determine the enantioselectivity of the reac tion, we formed the ester of the homoallylic alco- hoi with M osher's acid [21] and determined the enantiomeric excess by 'H N M R by integration of the methoxy signals of the diastereoisomers. The base line separation of the signals was not com plete due to broadening by long range coupling with fluorine, and therefore, there remains an un certainty of about 15% of the value of e.e. given in Table II . The separation of the signals in the 19F N M R spectra was even less and did not allow for a integration. A determination of e.e. by polarimetry seemed not reliable, as the value cited in the lit erature ([a] : D° = -15.6° (C H 2C12)) [22] for the enan tiomerically pure compound is based on a calcula tion [23] and not on measurements. Com pared with the value obtained by our N M R investigation (the optical rotation for enantiomerically pure (R)-6-methylhept-l-en-4-ol can be estimated as M d = +17.6C (c = 3, C H 2C12)), the difference re mains surprisingly low.
Chiral aluminium and tin catalysts as applied for the Diels-Alder reaction [5] were completely unreactive in the allylic addition; only titanium complexes were successful. Interestingly, a strong tem perature dependence of the enantiomeric ex cess was found; the best results were obtained at about 0 C, independent from the ligand used (compare entries 1 and 2 for 1, entries 3 -5 for 2, entries 9, 11, and 12 for 7, and entries 15, 17, and 18 for 9 in Table II ). It is also remarkable that a change in the solvent (dichloromethane vs. chlorobenzene) changes the direction o f the induction (entries 9 vs. 10 and 15 vs. 16) . This suggests that the solvent may have an im portant role in the for mation of the transition state of the reaction; it seems of preparative importance that both enantiomers of the homoallylic alcohol can be obtained with the same catalyst, simply by changing the sol vent. As in the case of the Diels-Alder reaction, the addition o f molecular sieve does not have a signifi cant influence on the enantiomeric excess for tita nium catalysts (entry 13) . Almost all the ligands tested lead to reasonable enantiomeric excesses un der optim um conditions, even those forming 7-membered chelate rings with titanium (group A ligands such as 5 (entry 7)). As for the Diels-Alder reaction with isoprene, the result with the tridentate ligand 6 is among the best (34% e.e.). Study ing the mechanisms of the reaction seems neces sary to select even more promising ligands and still optimize the conditions; such work is in progress.
The only com parable procedure for the prepara tion of this special alcohol found in the literature uses a Cr(II) complex with N-methylephedrine which catalyzes the addition of allylbromide to aldehydes [22] and is less convenient to apply. Our optimum result o f 36% e.e. (entry 6) compares favourably with that of the chromium procedure (16% e.e.), and suggests our catalysts for similar allylic additions with sterically more demanding educts where much higher chiral inductions can be expected.
Experimental N M R spectra were measured with a Bruker AM 360 instrum ent (proton frequency 360.13 MHz), and optical rotations with a Roussel-Jouan Digital 71 polarimeter. The ligands were prepared as described [5] or purchased. Commercial chemi cals were used without further purification. Sol vents were dried prior to use. All operations in volving catalysts were performed under nitrogen.
Asymmetric Diels-Alder reaction o f isoprene and methyl acrylate
To a solution of 5 mmol of precatalyst [TiCl4 or AlBu^Cl (prepared as described [5] )] in 20 ml of toluene, a solution of the ligand (5 mmol) in 20 ml of toluene was added dropwise, and the mixture stirred for 30 minutes for titanium and 40 minutes for aluminium. Titanium catalysts were evaporat ed to dryness at 0.1 mm (bath tem perature 45 C), and dissolved in 20 ml of toluene with addition of 1.0 g of molecular sieve (4 A). W ithin 30 minutes, a solution of methyl acrylate (4.30 g, 50 mmol) in 20 ml o f toluene was added and the mixture stirred for 45 minutes. Isoprene (3.74 g, 55 mmol) was added within 30 minutes and the m ixture stirred at the tem perature and for the time indicated in T a ble I. To the solutions o f the aluminium catalysts, 1.0 g of molecular sieve (4 A) was added rapidly and the addition of methyl acrylate started imme diately. The remaining procedure followed that for titanium catalysts. F or workup, the catalyst was quenched by the addition of water (40 ml), and the organic phase was extracted with saturated NaH CO j (60 ml), dried over sodium sulfate, and the solvent was evaporated. The residue was ex tracted with diethyl ether, the solvent was evapo rated and the remaining methyl 4-methyl-cyclohex-3-ene-l-carboxylate was distilled in vacuum (b. p. (15 mm) 8 2-83 °C), and analyzed for chemi cal purity by 'H N M R . It was converted to a-terpineol (b.p. (15 mm) 9 5 -9 7 C) by standard Grignard reaction with methyl magnesium iodide. a-Terpineol was analyzed for chemical purity by 'H N M R and for enantiomeric purity by polarimetry.
Asymmetric addition o f allyltrimethylsilane to 3-methylbutanal
To a solution of TiCl4 (2.45 g, 10 mmol) in 30 ml of C H 2C12, a solution of the ligand (10 mmol) in 30 ml of C H 2C12 was added at 0 °C within 30 m in utes. After stirring at 20 °C for 30 minutes, the sol vent was evaporated at 0.1 mm (bath tem perature 40 °C). The residue was dissolved in 50 ml of the solvent indicated in Table II (for entry 13, 10 .0 g of molecular sieve (4 A) were added) and the mix ture brought to the reaction tem perature. A solu tion of 3-methylbutanal (0.86 g, 10 mmol) in 20 ml of the solvent was added within 20 minutes. After 40 minutes, allyltrimethylsilane (1.27 g, 11 mmol) was added within 10 minutes. After the time indi cated in Table II , the reaction was quenched with 50 ml of water. The aqueous phase was extracted with diethyl ether (100 ml) and the combined o r ganic solutions were dried with sodium sulfate. The product (6-methylhept-l-en-4-ol) was isolated by distillation (b.p. 6 0 -6 2 C) and analyzed for chemical purity by 'H N M R. The enantiomeric composition was determined by conversion to the ester with M osher's acid ((S)-(-)-2-m ethoxy-2-phenyl-3,3,3-trifluoropropanoic acid) according
